Perfusion and diffusion-weighted magnetic resonance imaging (MRI) can demonstrate, respectively, cerebral ischemia and ischemic brain injury in the first several hours after onset of symptoms, when proton den sity and T2-weighted MRI may appear normal. It is hy pothesized that these techniques could distinguish re gions destined for infarction from those that will not prog ress to infarction, We provide preliminary evidence from an analysis of 19 patients with severely disabling clinical deficits attributable to ischemia in at least an entire divi sion of the middle cerebral artery, that initial perfusion and diffusion MRI were more accurate than conventional MRI in predicting no, partial or complete improvement-
Improved understanding of the pathophysiology of ischemic neuronal injury (Collins et aI., 1989; Pulsinelli, 1992; Siesjo, 1992) has led to the devel opment of pharmacological therapies that have proven effective in limiting the severity of stroke and clinical deficits in experimental models and pre liminary clinical trials. As many of these potential therapies have been entered into clinical trials, the promise of effective interventions in the near future has given a greater importance to the issue of prog nosis very early in the course of the disease. Since some drugs currently in clinical trial carry the risk of serious, life-threatening complications Haley et al., 1992) , the need to distinguish tively. In the subset of patients studied within 6 h of on set, diffusion/perfusion MRI was an even better predictor than conventional MRI-ll of 12 versus four of 12, re spectively. In this small sample of patients with severe clinical deficits, perfusion and diffusion MRI were highly accurate in distinguishing those who would improve from those who would not. These results need to be confirmed in a larger prospective study, which may support a future role in the initial screening, selection, and evaluation of patients with stroke for acute pharmacologic interven tions. Key Words: Cerebral ischemia-Cerebral infarc tion-Diffusion-Magnetic resonance imaging-Clinical trials-Echo-planar imaging.
those patients who may potentially improve as re sult of such drug therapies from those who will not has taken on an urgency. Standard neurodiagnostic imaging techniques, i.e., computed tomography (CT) and Tl-(Tl WI) and T2-weighted (T2WI) mag netic resonance imaging (MRI), give high false neg ative rates during the first day after onset of isch emic symptoms (Bryan et al., 1991; Yuh et al., 1991) and, therefore, such negative scans are unre liable predictors of good outcome. The newer ex perimental interventions in stroke therapy are best initiated during the first several hours after onset, when the potential for neuroprotective effect is greatest, but also when diagnostic uncertainty is greatest.
Two functional MRI techniques-perfusion and diffusion imaging-are able to delineate, respec tively, areas of hypoperfusion and ischemic neuro nal injury within minutes after induction of cerebral ischemia in animal models (Back et al., 1994; Busza et al., 1992; Minematsu et al., 1992; Moseley et al., 1990b,c; van der Toorn et al., 1994) . Perfusion mag-netic resonance (MR) with bolus injection of gado linium-containing contrast media, which map rela tive cerebral blood volume, identified hypoperfused tissue; diffusion-weighted imaging (DWI) detects changes in the self diffusion of water molecules that are associated with early cytotoxic edema in isch emic stroke. We previously reported that these techniques may be applied clinically to detect very early abnormalities in patients with acute stroke earlier than are conventional T2-weighted images (T2WI) (Warach et aI., 1992a; Warach et aI., 1995; Warach et aI., 1992b) . Since perfusion and diffusion MRI can identify very early ischemic lesions, we investigated whether, in the initial hours following onset of ischemic symptoms, they are more accu rate than is conventional MRI in predicting out come in stroke.
METHODS

Patients
We studied 19 patients who underwent perfusion and/ or diffusion MRI at a time when they had acute clinical deficits attributable to ischemia in a vascular territory of an entire division of one middle cerebral artery or greater. Patients comprised a subset of cases previously studied (Warach et ai., 1992a; Warach et aI., 1995; Warach et aI., 1992b) . Patient characteristics are described in Table 1 . Clinical criteria used for inclusion were presence, at the time of initial MRI study, of a moderate to severe con tralateral hemiparesis (inability to maintain limb elevated, to use limb, and to overcome moderate resistance) in combination with one or more of the following: a severe aphasia, contralateral hemisensory neglect, or contralat eral homonymous hemianopia. Deficits at the time of ini tial MRI study corresponded to National Institute of Health Stroke Scale score ;;310 and Modified Rankin Scale Score of 4 or 5 (0--5 scale). In some cases, scores were determined retrospectively from chart review. Pa tients receiving either urgent endarterectomy or experi mental neuroprotective agents were not included, other wise the sample was not controlled for use of anticoagu lation or other therapies. Presumed etiology of stroke was classified using the TOAST criteria as large artery ath erosclerotic, cardiogenic embolism, small vessel, other, or undetermined (Adams et ai., 1993) . Clinical follow-up was available in all cases at 1 week (± 1 day), and this was used as the uniform follow-up time. Of the 12 patients with persistent deficits at 1 week, follow-up information at ;;330 days was also available in 10 cases, but did not change the classification of outcome. There were two deaths resulting from the stroke (cases 11 and 17), which were classified as no improvement.
MRI studies
All studies were performed on a 1.5 Tesla MR whole body system (Siemens AG, Erlangen, Germany). Fifteen subjects had both perfusion and diffusion imaging studies; technical factors including inadequate intravenous ac cess, uncontrollable head motion, or severe agitation pre cluded both studies in four subjects. The first 13 subjects were studied with a standard clinical imager with conven tional gradient sets. The next six patients were studied J Cereb Blood Flow Metab. Vol. 16, No.1, 1996 using an echo planar imaging (EPI) technique when the magnet was modified with EPI capable gradients. EPI minimized problems with agitation or head motion and permitted multislice acquisitions. Time to first MRI study was measured from the time (rounded to the nearest hour) that deficits were first noted, All studies were performed within the guidelines of the Committee on Clinical Inves tigations of Beth Israel Hospital.
Conventional imaging
TlWI proton-density-weighted and T2WI images were obtained using a spin-echo technique. For spin-echo im aging, scan parameters varied somewhat among patients; typical parameters were repetition time (TR)/ echo time (TE) 600 msl15 ms for TlWI, and TRITE = 2400 ms/30 ms, 80 ms for T2WI double echo sequences. Section thickness was 5 mm, 20 slices, field-of-view = 23 x 17 cm, acquisition matrix 256 x 160, one or two excitations. Follow-up conventional MRI or CT scans were obtained on all patients except case 12.
Diffusion-weighted imaging
Principles and techniques for diffusion imaging in pa tients with acute stroke have been previously described (Warach et ai., 1992a; Warach et aI., 1995) . In 13 sub jects, a turboSTEAM technique was used giving a diffu sion weighting (b-value) of -372 s/mm2 on a single 10 mm axial imaging slice through the area of brain suspected from the clinical deficit. In two patients, head movement created such severe artifact that DWI yielded no usable results; in these cases, perfusion imaging was successful. Six patients were studied using EPI and higher gradient strengths when these became available. This technique permitted greater diffusion sensitivity (up to b = 1271 s/mm2) using a single shot spin echo, echo planar tech nique), multi slice contiguous imaging, and images free from motion artifact. Parameters used for EPI were TE = 100 ms, slice thickness = 5 or 7 mm, acquisition matrix = 128 x 128, field-of-view = 25-32 cm; readout period was -64 ms and acquisition time per image was -164 ms. Diffusion sensitivity, b-value, comprised two values (0 and maximum) or seven values by incrementing the dif fusion gradient strength (see Warach et aI., 1995 for de tails) up to a maximum b-value of 1205 or 1271 s/mm2. Either a single set of 20 heavily DWIs were acquired in 3 s or all seven diffusion sensitivities at all slices were ac quired in a single measurement with a total acquisition time of 48 s.
Perfusion imaging
Principles and techniques for perfusion imaging in pa tients with acute stroke have been previously described (Belliveau et aI., 1990; Edelman et aI., 1990; Rosen et ai., 1990; Warach et a!., 1992b) . During repetitive scanning with a susceptibility-weighted (T2-weighted) pulse se quence, a bolus injection of 20 cc of gadopentatate dimeglumine was administered intravenously via an 18gauge catheter placed in an antecubital vein by manual injection for -5 s followed by a saline flush. For 12 pa tients, T2-weighting was obtained on a single slice using a spoiled gradient-echo pulse sequence, FLASH, with TRI TElflip angle/number of excitations = 35 ms/25 msIlOo/L, slice thickness = 8 mm, acquisition matrix = 256 x 80, and rectangular field-of-view = 23 cm x 17 cm. Scan time per image was -2.8 s with no inters can delay; 25 images were acquired. Sequential T2-weighted MR im- ages were displayed in a cine loop, which shows the tran sient drop in signal intensity as the bolus passes through, and the area of ischemia was clearly delineated when present. When EPI became available on our imaging sys tem, five patients had multi slice perfusion studies using a TE = 60 ms, slice thickness = 7 or 8 mm, acquisition matrix = 128 x 128, and field-of-view = 25 to 32 cm. A delay of 1.5-2 s occurred between sequential acquisitions at each slice position. Two patients had inadequate intra v enous access for the study.
Data analysis
MRI scans acquired in the acute phase were analyzed without knowledge of the patients' clinical outcomes. Le sions were identified as one or more of the following: areas of abnormal hyperintensity in T2WI, areas of hy perintensity in DWI, and well-demarcated areas of re duced perfusion on dynamic blood volume imaging. Ex amples of the lesions are depicted in Fig. 1 . A case was judged to have lesions explaining the clinical deficits if the lesion found on MRI scans was in an anatomical region that could account for the clinical deficits at the time of the scan. Improvement on follow-up examination was graded as none (little or no improvement, or worse), par tial (substantial improvement in strength or ability to per form tasks, but still with a disabling deficit requiring as sistance corresponding to improvement in Modified Rankin Scale score from 5 to 2, 3 or 4; or 4 to 2 or 3), or complete (complete or near complete resolution of defi cits, slight deficits, or disabilities present but patient able to resume baseline level of function, Modified Rankin Scale Score 0-1). Diagnosis of clinical improvement was agreed upon by two neurologists. MRI scans were con sidered to accurately predict outcome if a match occurred between an explanatory lesion on acute MRI and no im provement, a partially explanatory lesion and partial im provement, or no explanatory lesion and complete recov ery. Because of the categorical nature of the data, statis tical analyses were performed using a X2 test for the three by three contingency table of Fisher's exact tests for the dichotomous categories. Significance level was set at p < 0.05.
RESULTS AND DISCUSSION
Data from the 19 patients studied are summarized in Table 1 . Results for proton-density weighted im ages and T2WI were equivalent; only results for T2WI are reported. Table 2 describes the relative accuracy of T2Wls and diffusion/perfusion MRI in predicting clinical outcome for all cases and for only those cases studied within 6 h from onset of symp toms.
Overall, diffusion and perfusion MRI correctly indicative of decreased diffusion. These images were acquired using an echo planar technique as contiguous 5 mm thick slices. The lesion was present throughout the left frontal and temporal lobes, corresponding to the distribution of the anterior division of the left MeA. The diffusion sensitivity (b value) for this figure was 1205 sec/mm2. The apparent diffusion coefficient was calculated to be 2.90 x 10-4 mm2/s for the lesion versus 8.20 x 10-4 mm2/s for the contralateral control region. The image second from the right in the middle row corresponds to the slice position as in Fig. 1 A and 1 C. C: Relative cerebral blood flow map at 3 h and level showing in the area of decreased diffusion. The bright areas correspond to the susceptibility effect of the passage of contrast over time and are summed for the passage of the bolus. Near absence of perfusion within the territory of the anterior division of the left MeA. It was judged that the diffusion/perfusion MRI studies partially explained the clinical deficits, which were attributable to the entire left MeA territory. 0: On follow-up several months later, she had a moderate right hemi paresis, with her face and distal upper extremity most affected, with no neglect but other cognitive deficits (anosognosia, and motor aprosodia). She required assistance in her activities of daily living because of her deficits, but was able to walk without assistance. T1 WI showed a chronic infarct in the region of initial abnormality on diffusion/perfusion MRI.
predicted outcome category in 17 of 19 (89%) cases (X2 = 26.938, p < 0.000l), whereas conventional MRI correctly predicted outcome in 10 of 19 (53%) cases (not significant). In the subset of patients studied at �6 h, the difference was greater; diffu-sion/perfusion MRI was an accurate predictor in 11 of 12 (92%) cases (X2 = 19.50, p = 0.0006) and conventional MRI was an accurate predictor in 4 of 12 cases (33%; not significant). In no case did con ventional or diffusion/perfusion MRI overestimate clinical outcome, i.e., predict worse outcome than actually occurred. One false negative result for the diffusion/perfusion MRI involved a hemispheric white matter lacune that was not in the single im aging slice selected for study. In the other errone ous prediction (case no. 6), a prediction of partial improvement was made following a deep hemi spheric lesion. The clinical correlation predicted from the lesion in this latter case was incorrect as the patient did not improve. Table 2 also summarizes results in a dichotomous fashion, i.e., whether the scans fully explained the deficits and whether any substantial improvement (partial or complete) occurred. When acute diffu sion or perfusion MRI did not fully account for the deficits, significant improvement occurred in 10 of II (91%) patients, whereas when conventional T2WI did not fully account for the deficits, the im provement was noted in II of 18 (61%) patients. Cases of complete improvement had no lesions in five of five (100%) cases. For cases with <6 h of ischemic symptoms, conventional MRI correctly identified only one of six patients who would not improve, whereas diffusion/perfusion MRI identi fied five of six. Figure I illustrates the imaging re sults for a patient in whom no acute stroke was seen in T2WI but in whom a lesion smaller than expected from clinical examination was found in diffusion and perfusion images. The patient improved from severe disability with need for constant nursing care to moderate disability.
In this small sample of patients with clinical def icits diagnostic of massive hemispheric ischemia, we have found that early diffusion and perfusion MRIs are accurate in predicting clinical outcome. This advantage of diffusion and perfusion MRIs versus conventional MRI or clinical examination is greatest during the first 6 h after onset, the period considered most critical for acute therapeutic inter vention (Fisher and Bogousslavsky, 1993; Levine and Brott, 1992) . Although animal studies have sug gested that some early, less severe diffusion abnor malities are potentially reversible (Kucharczyk et al., 1991; Lo et al., 1994; Minematsu et al., 1993a,b) . In the present clinical study, the presence of a diffusion abnormality invariably led to perma nent neurological deficits even if T2WI was normal initially.
This study was limited to patients with severe deficits suggestive of large areas of cerebral isch emia. For the purpose of this study, only these un ambiguous substantial clinical deficits and broad categories of clinical improvement were considered in order to maximize the probability of finding a large hemispheric lesion and to minimize the chance J Cereb Blood Flow Metab, Vol. 16, No.1, 1996 of bias or disagreement between examiners. We se lected large clinical deficits for the initial evaluation of these techniques, since if diffusion/perfusion MRI techniques are not accurate predictors of out come for large deficits, they are unlikely to be so for smaller ones. Prior to the availability of EPI, a large hemispheric lesion was also preferred to minimize the chance of false negative diffusion/perfusion MRI due to inaccurate selection of imaging slice in the single slice technique. Results for smaller in farcts may be more variable.
Three cases studied within 6 h had normal diffu sion and perfusion studies and complete recovery. These patients had atrial fibrillation and probable cardiogenic emboli. We presume that by the time of scanning, spontaneous lysis and reperfusion had oc curred prior to permanent ischemic injury, with a latency of several hours before complete clinical recovery. Subtle, potentially reversible diffusion abnormalities could have been missed by the single slice moderate diffusion weighting of the turbo STEAM cases.
The false negative diffusion and perfusion case in this study occurred because a subtotal lesion was present outside the single imaging slice selected for study. In >80 cases of stroke studied with DWI (unpublished observations), false negatives (true le sions not found in DWIs) occurred only due to in correct imaging slice selection for those studies for which only a single slice could be studied. Since implementation of multi slice EPI on our system, diffusion and perfusion imaging are no longer lim ited to a single slice. We have begun to screen the entire brain, and lesions as small as 4 mm can be detected. Echo planar DWI of the entire brain can be completed in 3 s, and perfusion imaging of the entire brain in <I min; thus their use as screening tests would not unduly delay urgent therapies. In this series, no errors in prediction occurred for the six cases acquired with EPI.
The use of rapid diffusion and perfusion MRI techniques in the evaluation of early stroke prom ises to give more accurate localization and better prognosis than are possible by conventional imag ing methods alone. They will also provide quantita tive measures of lesion size and, possibly, severity and viability. Thus, these techniques will act to in teractively guide the development and implementa tion of future pharmacologic therapies. Very early perfusion and diffusion MRIs could, potentially, provide the information necessary to assess the neuroprotective effects of drugs, identify areas of persistent ischemia that indicate areas of brain at risk of infarction, and differentiate patients who may spontaneously improve from those who will not. For example, diffusion/perfusion MRI tech niques might be used to avoid high risk interven tions such as arteriography or thrombolytic therapy in patients likely to improve spontaneously. In ad dition, the combination of DWI and perfusion MRI may be able to identify the ischemic penumbra and identify regions at risk for evolution into infarction (Moseley et al., 1990a) . Thus, these techniques may prove to be useful for screening and monitoring pa tients for pharmacologic interventions with neuro protective drugs. It is encouraging that combined perfusion and metabolic studies with positron emis sion tomography in stroke patients within the first 24 h are predictive of functional outcome, distin guishing patients with no spontaneous recovery from those with complete spontaneous recovery or with variable outcome (Marchal et aI., 1993) . Whether diffusion and perfusion MRI techniques can live up to the promise of early prediction of outcome requires a larger scale prospective study of the sensitivity and specificity of these tests than reported on here.
